Abstract. Long-term fresh tomato (Solanum lycopersicum L.) production data were used to estimate cultural and environmental impacts on marketable tomato yields in eastern Oklahoma. Quantifying the interactive effects of planting date and growing season duration and the effects of cumulative heat units and heat unit accumulation rate on marketable yields allowed for productivity estimates based on past temperature conditions. Simulated increases in air temperature were predicted to reduce yields and increase the amount of cropland needed to meet local consumption demands. Consequently, local tomato production in Oklahoma may be negatively impacted under elevated temperature conditions projected under global climate change.
There has been increased interest in local food production throughout the United States (Duram and Oberholtzer, 2010; Lapping, 2004; Lyson and Guptill, 2004; Timmons et al., 2008) . Despite limited quantitative studies, some positive attributes associated with local food production include reduced greenhouse gas emissions (Jones, 2002) , decreased energy consumption (Blanke and Burdick, 2005; Wallgren, 2006) , improved health of local consumers (Weatherell et al., 2003) , enhanced rural economic development (Feenstra, 1997) , and promotion of social equity (DuPuis and Goodman, 2005) . Local food consumption can be estimated from direct-to-consumer sales, in which the value of agricultural products sold directly for human consumption in the United States increased 17.2% from (National Agricultural Statistics Service, 2009a . Local food demands and interest in alternative agriculture could provide incentive for farmers to add vegetable production into existing agricultural systems in eastern Oklahoma, where livestock production currently dominates the agricultural landscape (Russo and Roberts, 1991) .
Tomatoes (Solanum lycopersicum L.) are an important component of the fresh produce market and are the most heavily consumed fresh fruit in the United States (Economic Research Service, 2009) . It is important to note that marketable tomato yields, like with yields of all crops, are governed by cultivar selection, cultural practices, and environmental constraints (Ortiz et al., 2007) . In multienvironment trials with tomato, Ortiz et al. (2007) reported substantial variation among 15 genotypes in their marketable yield and fruit size responses to climatic factors, soil conditions, and cultural practices. Consequently, selecting an ideal cultivar for production within a given region and using well-established best management practices (McGraw et al., 2007) are essential for achieving acceptable levels of productivity.
Apart from proper cultivar selection and use of well-established cultural practices for fresh tomato production (McGraw et al., 2007) , the environment encountered during plant development will strongly influence yield. Plant development is strongly linked to temperature (Reeves and Coupland, 2000) , and the heat unit (HU) approach (accumulation of average daily temperatures above a base temperature during the growing season) has been used as a means to estimate timing of key events in vegetative and reproductive development of many different plant species (Gilmore and Rogers, 1958; Orlandi et al., 2005; Peng et al., 1989; Perry et al., 1997; Wang, 1960) . Heat unit accumulation during the growing season has been used to estimate optimal harvest times in tomato (Perry et al., 1997) , and the summation of HUs required for crop maturity has been widely regarded as a varietal constant by many investigators [reviewed in Wang (1960) ].
An important critique of the HU approach is that periods of extreme high temperature are often masked when HUs are summed for an entire growing season (Wang, 1960) . Even moderately high temperatures inhibit a number of reproductive processes in tomato and other species, resulting in poor fertilization and fruit set [reviewed in Snider and Oosterhuis (2011); Zinn et al. (2010) ]. Because fruits are typically the consumed portion of most food crops (i.e., grain and horticultural crops), moderately elevated temperatures may result in disproportionately large yield reductions for major food crops relative to non-food crops with vegetative structures of economic importance (Snider and Oosterhuis, 2011) . Consequently, a number of authors have reported that the moderately elevated air temperature increases projected to result from global climate change could negatively affect food-crop yields (Peng et al., 2004) and global food security (Lobell et al., 2008; Schmidhuber and Tubiello, 2007) . Given the pronounced effect of above-optimal temperatures on crop yields, the rate of HU accumulation should also be considered when estimating crop yield responses to accumulated HU.
It was hypothesized that moderate elevations in mean temperature would result in significant declines in estimated fresh tomato yields in eastern Oklahoma, thereby increasing the acreage needed to meet local consumption demands. The objectives of the current study were 1) to use variety trial data to identify a tomato cultivar producing maximal yields under southeastern Oklahoma conditions; 2) to perform multivariate response surface analysis to quantify how key management practices (i.e., planting date and growing season duration) and environmental parameters (i.e., accumulated HU during the growing season and rate of HU accumulation) interact to influence tomato production in southeastern Oklahoma; 3) to use the response surface model derived from Objective 2 to estimate marketable yields for a 20-year period (1990 to 2010) under actual and elevated air temperature scenarios; and 4) to use the 20-year yield estimates to quantify the amount of land in Atoka County (a sparsely populated eastern Oklahoma County) required to meet the combined consumption demands of that county and Oklahoma County (a heavily populated Oklahoma county) under different air temperature scenarios.
Materials and Methods
To evaluate effects of cultivar, management practices, and environmental factors on tomato production in southeast Oklahoma, data from experiments conducted from 1987 to 1992 were collected from the USDA-ARS Wes Watkins Agricultural Research Laboratory, Lane, OK (lat. 34°17#17$ N, long. 95°57#49$ W) in Atoka County. The soil at Lane, OK, is classified as a Bernow fineloamy, siliceous, thermic Glossic Paleudalf. Data were collected only for plots where tomato seedlings (%6 weeks past emergence) were transplanted in beds at a 1.83 minterrow spacing and 0.46-m between-plant spacing. All plots used in this study were fertilized according to soil test recommendations to supply 112N-54P-325K kgÁha -1 and were drip-irrigated. All pest control and disease management practices were carried out using best management practices for the region. A minimum of five tomato plants per plot were harvested for yield estimates. All fruit weights and yield estimates were reported on a fresh weight (FW) basis.
Variety trials were conducted over 3 years (1987, 1988, and 1989) To evaluate the impact of management strategies and environmental factors on tomato production in southeastern Oklahoma, 6 years of tomato productivity data encompassing 15 different transplant dates and 78 replicate plots for cv. Sunny from 1987 to 1992 were obtained from field experiments conducted at Lane, OK. Only data obtained from drip-irrigated plots receiving recommended fertilization rates were used for modeling. Response surface analysis was used to develop models that quantitatively defined impacts of management practices and environmental factors on marketable fruit yield in tomato. A single plot during a given growing season (i.e., transplant date) represented the experimental unit.
The response surface model is a form of multiple, non-linear regression that uses a combination of linear and quadratic terms and cross-products of linear terms to describe the interactive effects of multiple independent variables on a single dependent (response) variable (Freund et al., 2003) . In this experiment, marketable fruit yield (MgÁha -1 ) served as the response variable. Management factors common in all experiments were the day of year (DOY) when transplanting occurred and growing season duration in days, and these two factors were used in the response surface analysis of management effects on marketable tomato production to estimate planting date and growing season duration required for maximal productivity. Planting dates used for regression analysis ranged from 12 Apr. (DOY = 102) to 15 July (DOY = 197), and growing season durations ranged from 72 to 123 d.
To assess effects of prevailing environmental conditions during the growing season on marketable tomato production, climate data were collected from the nearest COOP weather station located %5.6 miles from the study site (McGee Creek Dam; lat. 34°18#36$ N, long. 95°52#12$ W). Daily precipitation, maximum daily temperature (T max ), and minimum daily temperature (T min ) were recorded for each growing season. Preliminary analysis showed that cumulative precipitation during the growing season did not significantly influence marketable tomato production (data not shown), likely as a result of effective drip irrigation management. Cumulative HUs (growing degree-days) were calculated from daily T max and T min data for each growing season using a base temperature of 10°C (Ortiz et al., 2007; Scholberg et al., 2000) . Heat unit accumulation rate was calculated as: HU O number of days in growing season. A two-factor response surface model was used to quantify interactive effects of HU and HU accumulation rate (HU/d) on marketable tomato production for Lane, OK. Using the planting date and growing season duration shown to provide maximum productivity within the range of data (Fig. 1 ( Fig. 2) . From the HU · HU/d response surface model, estimated yields were reported for simulated temperature increases of 0.5, 1.0, and 1.5°C. Simulated yields were reported on a yearly basis from 1990 to 2010 (Fig. 3) and as an average from 1990 to 2010 (Fig. 4) ; fresh marketable yields were expressed in MgÁha -1
. Although it is well established that time to maturity (growing season duration) is also influenced by HU accumulation, the optimal growing season duration derived from the response surface model was used to provide a uniform number of days with which to simulate long-term yield responses to increased temperature.
Many different definitions of ''local food'' exist; however, local has often been used to describe food that is produced and consumed within state boundaries (Duram and Oberholtzer, 2010) . A heavily populated, within-state location with relatively high fresh tomato consumption demands was used to estimate amounts of existing cropland that would need to be converted into tomato production to supply local demand. To this end, Oklahoma County, a heavily populated county that contains a major metropolitan area within the state, was selected as a potential market for fresh tomatoes produced in Atoka County. To estimate the maximum acreage required to meet Oklahoma County consumption demands without detracting from the fresh tomato needs of Atoka County, it was assumed that all fresh tomato consumption requirements for both counties would be met by the harvested cropland available in Atoka County as reported in the 2007 Census of Agriculture (National Agricultural Statistics Service, 2009b). Per-capita fresh tomato consumption in the United States in 2010 was 9.45 kg annually (Economic Research Service, 2011). Consumption requirements (in Mg) were determined by multiplying the populations reported in the 2010 Census for both counties by 9.45 O 1000. Long-term yield estimates from 1990 to 2010 (Fig. 4) and harvested cropland estimates for Atoka County from the 2007 Census of Agriculture (National Agricultural Statistics Service, 2009b) were used to estimate the acreage required to meet consumption demands and the percent of harvested cropland that would need to be used for fresh tomato production. Also, the acreages required to meet consumption demands under average air temperature increases of 0.5, 1.0, and 1.5°C temperature increases were reported based on 1990 to 2010 yield estimates.
The effect of cultivar on marketable tomato yield, total yield, percent marketable yield, and average fruit size was evaluated for each variety trial experiment using one-way analysis of variance and conventional least significant difference post hoc analysis (a = 0.05) was used for mean separation. The same approach was used to compare simulated yields under different air temperature scenarios. The interactive effects of planting date and growing season duration and the interactive effects of HU and HU accumulation rate were quantified using two-factor quadratic response surface models (Freund et al., 2003) . All statistical analyses were performed using JMP Version 9.1 software (SAS Institute, Cary, NC).
Results and Discussion
Cultivar affected marketable fruit yield, total fruit yield, percent marketable yield, and average fruit size (Tables 1 and 2 ; P < 0.0001 for all parameters measured) in 1987 and 1988 but not in 1989 [P = 0.1126, 0.2001, 0.9121, and 0.2841 
), percent marketable yield (avg. 61.55%), and average fruit weight (avg. 0.17 kg/fruit), respectively]. In 1987 (Table 1) , cv. Carnival produced higher marketable yields than 17 of the entries and similar yields to eight of the entries. This cultivar had higher total yields than 19 entries and similar yields to six entries. 'Mountain Pride', 'All Star', and 'Liberty' had higher percent marketable yield than seven entries and similar percent marketable yields to 14 entries. 'Carnival' had greater average fruit weight than all but 'Willhite 202'. In 1988 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 z All data are reported on a fresh weight (FW) basis. Values are means ± SE (n = 8); values not sharing a common letter within a column are significantly different (least significant difference; P < 0.05).
(Table 2), cv.
Step 688 had higher marketable yield than 12 entries and was similar to two entries. 'Carnival' had a total yield higher than five entries and was similar to nine entries. ' Step 688', 'Mountain Pride', and 'Sunny' had a percent marketable yield higher than 11 entries and were similar to one entry. 'Sunny' had an average fruit weight greater than nine entries and similar to five entries. Several of the tomato cultivars in these trials are currently recommended for commercial production by the Oklahoma Cooperative Extension Service (McGraw et al., 2007) and appear to be well suited for marketable tomato production under southeastern Oklahoma conditions.
Marketable yield was significantly affected by planting date and growing season duration (P < 0.0001; r 2 = 0.51; Fig. 1 ). Successively earlier planting dates produced higher marketable yields, where the earliest planting date (12 Apr.; DOY = 102) used in this study produced the highest marketable yields (Fig. 1) . Although the response surface model predicts increased yields with earlier planting dates, it is important to note that transplanting should occur after the last frost of the season to avoid plant injury and subsequent yield losses (McGraw et al., 2007) . The date of 12 Apr. is considered the latest date in the spring for which 0°C weather can be expected for Atoka County (Natural Resource Conservation Service, 2007). For crops planted on 12 Apr., the optimal growing season length for maximum marketable tomato yields was 112 d (Fig. 1) . Marketable yield was also significantly affected by HU and HU accumulation rate (P < 0.0001; r 2 = 0.35; Fig. 2 ). Increased HU accumulation rate resulted in negative effects on marketable yield. The highest marketable yields at each HU accumulation rate ranged from 49.59 MgÁha -1 at 12.15 HU/d to 17.07 MgÁha -1 at 17.35 HU/d (Fig. 2) . At the lowest HU accumulation rate observed (12.15 HU/d), the optimal number of HU accumulated during the growing season for maximum yield was 1755. Scholberg et al. (2000) reported a positive, linear response of tomato fruit dry matter production to HU for the tomato cv. Sunny grown under various irrigation regimes in Florida. However, in those experiments, HU did not exceed 1400, whereas the maximum HU accumulation for a single growing season in the present study was 1907. It should be noted that some investigators have used different base temperatures for HU calculations than those used in the present study (Perry et al., 1997) . However, a different base temperature would not change the final trend; only the absolute HU values would change. The results (Fig. 2) indicate that using HU alone to predict tomato yields is likely an oversimplification because HU accumulation rate also had a pronounced affect on marketable tomato yield.
Using the optimal planting date (12 Apr.) and growing season duration (112 d), the number of HU accumulated during the growing season and HU accumulation rate were determined for a 20-year period based on available data from McGee Creek Dam (Fig.  3A-B) . Using the HU · HU accumulation rate model (Fig. 2) , marketable tomato yields were estimated on a yearly basis under actual temperature conditions and under 0.5, 1.0, and 1.5°C simulated increases in average temperature (Fig. 3C) . In all years for which temperature data were available, increasing mean temperature resulted in lower estimated marketable tomato yields (Fig. 3C) . Average yields estimated from 1990 to 2010 were significantly affected by simulated temperature increases (Fig. 4) . Marketable tomato yields declined by 10.5%, 20.2%, and 28.8% under 0.5, 1.0, and 1.5°C temperature increases, respectively, relative to actual temperature conditions from 1990 to 2010 (Fig. 4) . Because the simulated yields under different temperature conditions are based on a regression model calibrated to real yield data from 15 different transplant dates across 6 years, we emphasize that the aforementioned data (Fig.  4) provide realistic estimates of marketable yield losses with increased temperature for field-grown tomato. The %20% decline in yield per degree Celsius increase in daily maximum temperature illustrates the exceptional sensitivity of tomato to increased temperature as the projected yield losses per degree Celsius increase are substantially higher than those predicted for other crop species (Peng et al., 2004) .
These findings indicate that above-optimal temperature is already a limitation to potential yields in eastern Oklahoma and that further increases in mean temperature would result in substantial yield reductions. The predicted marketable yield based on 1990 to 2010 weather data ; Fig. 4) is substantially lower than yields that could be achieved under low rates of heat unit accumulation (Fig. 2) . A 27°C daily maximum temperature is considered optimal for tomato growth and development (Perry et al., 1997) , whereas the average daily maximum temperature for Atoka County from 1990 to 2010 is well above the optimum (T max = 29.9°C). As a result of the exceptional thermosensitivity of key reproductive processes (i.e., gametophyte development and in vivo fertilization; Snider and Oosterhuis, 2011; Zinn et al., 2010) , moderately elevated temperature has been shown to decrease fruit set in tomato (Sato et al., 2000) and to substantially limit yields of other crops with economically valuable reproductive structures under elevated temperature conditions (Peng et al., 2004) . Peng et al. (2004) estimated that every 1-°C increase in growing season minimum temperature resulting from global warming would result in a 10% decline in rice yields. Elevated atmospheric CO 2 levels, projected to result from global climate change, are expected to have largely positive impacts on crop productivity (Schmidhuber and Tubiello, 2007) and could potentially help mitigate temperature-related yield reductions (Fig. 4) . However, marketable yield reductions predicted for only a 1.5-°C average temperature increase (28.8% decline; Fig. 4 ) are larger than yield improvements expected through increased atmospheric CO 2 levels (10% to 20% increase for C 3 plants under 550 ppm CO 2 ; Schmidhuber and Tubiello, 2007) . Although Figure 4 illustrates clearly the negative impact of increased temperature on marketable tomato yields, it should also be noted that the tomato crop might also be transplanted earlier under global climate change, which could potentially offset some of the yield losses predicted in the current study.
Atoka County, OK, contained 23,492 ha of harvested cropland in (National Agricultural Statistics Service, 2009b . Of that acreage, only 0.003% (Fig. 5A ) or 0.81 ha (Fig. 5F ) of the total harvested cropland in Atoka County was used for tomato production (National Agricultural Statistics Service, 2009b) . Using the 1990 to 2010 average yield estimates; Fig.  4 ; +0°C) and assuming the combined consumption demands of Atoka and Oklahoma Counties would be met with the existing harvested cropland in Atoka County, %259 ha of land (1.1% of harvested cropland) would need to be converted into tomato production (Figs. 5B and 5F ). Assuming mean temperature increases of 0.5, 1.0, and 1.5°C, the amount of 0.10 ± 0.008 G P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 z All data are reported on a fresh weight (FW) basis. Values are means ± SE (n = 8); values not sharing a common letter within a column are significantly different (least significant difference; P < 0.05).
land needed to feed the same number of people would increase to 289, 325, and 364 ha -1 , respectively (Fig. 5F ); this accounts for 1.23%, 1.38%, and 1.55% of harvested cropland in Atoka County (Fig. 5C-E) .
Crop productivity is largely governed by regional characteristics (Lobell et al., 2003) . Consequently, estimates of local food production based on actual productivity data from long-term field experiments are of value in assessing local food production needs. Based on the data, two general statements can be made: 1) to meet local fresh tomato consumption demands, the land area dedicated to tomato production would need to be increased substantially in eastern Oklahoma; and 2) moderate increases in mean temperature would be expected to significantly increase the land area required to meet local food consumption demands by decreasing per-acre productivity. Although the land area required to meet consumption demands of Atoka and Oklahoma Counties represents a small percentage (1.1%) of the total harvested cropland in Atoka County, tomato production, especially hand-harvested tomato production, is labor-intensive (McGraw et al., 2007) and would require a large manual labor force. Although this could be an obstacle to incorporating tomato production into existing agricultural systems, the demand for manual labor may positively affect the social component of agricultural sustainability through job creation (Feenstra, 2002) .
The amount of land required to meet local fresh tomato consumption demand is predicted to increase under elevated temperature conditions as a result of decreased marketable yields in eastern Oklahoma (Fig. 5) . By estimating changes in agricultural land value under a global warming scenario, Mendelsohn et al. (1994) reported that locations at more northern latitudes in the United States would experience a net increase in agricultural productivity, whereas southern states, including Oklahoma, would experience net declines in productivity under global warming. Mendelsohn et al. (1994) further suggested that net agricultural productivity in the United States would be positively affected by global warming, even in the absence of CO 2 fertilization. Consequently, a number of researchers have focused on regions outside of the United States as key areas where food insecurity may be a major concern (e.g., Lobell et al., 2008; Schmidhuber and Tubiello, 2007) . Because fresh-market tomatoes and other crops are currently grown under above-optimal temperature conditions in the southern United States, it is likely that increases in temperature may limit local food production (Fig. 4) in these regions even without concomitant declines in national food security (Mendelsohn et al., 1994) . 
